We replaced an essential RNA-binding, 30-amino acid helixloop in an Escherichia coi tRNA synthetase with an inactive and simplified "generic" sequence having 23 of the 30 amino acids as alanine and serine. Wild-type residues were restored in random combinations to generate a library with a sequence complexity of about 1.9 x 107. Active molecules were obtained by genetic selection at a frequency of 1% and contained variants with as many as 11 alanine/serine replacements and a total of 17 alanine/serine residues. These variants have activities which are thermodynamically competitive with that of the native protein and therefore are functionafly and, most likely, conformationally equivalent.
cules were obtained by genetic selection at a frequency of 1% and contained variants with as many as 11 alanine/serine replacements and a total of 17 alanine/serine residues. These variants have activities which are thermodynamically competitive with that of the native protein and therefore are functionafly and, most likely, conformationally equivalent.
Recent analyses of protein structures have suggested that sequences with little similarity can form closely similar three-dimensional structures and have raised the question of the inverse protein folding problem-i.e., ofdetermining how many sequences can fold into a given structure (1) (2) (3) (4) . To explore further the repertoire of sequences which support a conformation needed for same-substrate recognition, we focused on a small peptide motif whose associated activity is a sensitive measure of substrate interactions. These experiments were carried out with Escherichia coli methionyltRNA synthetase, an a2 dimer of 676-amino acid polypeptides. A C-terminal deletion results in an active monomeric protein of 551 amino acids (5) and the 2.5-A crystal structure of this truncated monomer has been determined (6) . The protein consists of two distinct functional domains. The N-terminal domain (residues 1-360) contains the conserved nucleotide-binding fold which is involved in the formation of methionyl-AMP, and the C-terminal domain (residues 360-551) binds to the anticodon of tRNAMet (Fig. 1) .
A surface loop that extends from P460 to G468 is joined on the N-terminal side to an a-helix which approximately encompasses G438 to A459. Within this structural unit, W461 is proposed to contact the anticodon of bound tRNAMet (7, 8) . Deletion of the segment from Y454 to A464 removes W461 and results in a stable protein with full activity for aminoacyladenylate synthesis, but with aminoacylation activity toward tRNAMet reduced by >3 orders of magnitude (9) .
To investigate at least one repertoire of sequences which would support the recognition of the tRNAMet anticodon, we constructed a library which replaced a 30-amino acid region encompassing W461 with peptides that were rich in alanine and serine residues. The rationale was that these residues could serve as "generic" hydrophobic and hydrophilic amino acids and, in some sequence arrangements, might reconstruct the conformation needed for efficient aminoacylation of tRNAMet. The proteins constructed by these methods were subjected to two tests to determine whether they accurately recapitulated the behavior of the wild-type protein. First, active proteins with diversified sequences were selected in a null strain for methionyl-tRNA synthetase. Complementa- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
FIG. 1.
The a-carbon diagram of E. coli methionyl-tRNA synthetase. The peptide region from Lys-439 to Gly-468 (K439 to G468) in the C-terminal domain is highlighted. This diagram is based on x-ray crystal structure at 2.5-A resolution (6) . tion of this strain requires that the enzyme not only be active but retain high specificity for tRNAMet and not catalyze the toxic mis-aminoacylation of other tRNAs. Variants which complemented the null strain were also tested in vitro to ascertain quantitatively how well they reproduced the activity of the native protein. We propose .that those variants which complement the null strain and have activities comparable to the wild-type protein must have conformations of the diversified peptides which are comparable to that of the wild-type enzyme. The sequences of those variants establish a data base which shows at least in part the extent of the inverse folding problem-i.e., the number of sequences so designed which interact selectively with the same RNA sequence. These simplified sequences, in turn, can in future studies be further manipulated to establish novel RNA recognition specificities in an alanine/serine matrix.
MATERIALS AND METHODS
Construction of Tester Strain. The E. coli chromosomal metG gene, encoding methionyl-tRNA synthetase, was partially deleted by gene targeting (10) . Briefly, metG and its flanking sequences were isolated from pLC20-25 (11) by BstEII digestion and the gene fragment was cloned into the Xba I site of plasmid pUC19 (Pharmacia) by blunt-end ligation. This recombinant plasmid was designated pSKMet *To whom reprint requests should be addressed.
Proc. Natl. Acad. Sci. USA 90 (1993) 10047 (metG+, Apr). The metG structural gene was deleted from this plasmid by Nru I and Bbs I digestion and the EcoRI fragment of the kanamycin-resistance gene (Pharmacia) was inserted into its place by blunt-end ligation. This plasmid, designated pSKKMII (metG-, Kmr, Apr), was linearized by Aat II cleavage and then transformed into E. coli strain V355 (F-, A-, lacZ, galK2, galT22, rpsL179, recD1014) to replace the chromosomal metG gene with the kanamycin-resistance gene by double recombination at locations flanking the metG gene.
Prior to introducing the linear plasmid pSKKMII into E. coli strain V355 (12) , the cells were transformed with plasmid pRMS615, which has a temperature-sensitive replicon (13) and encodes methionyl-tRNA synthetase (14) and chloramphenicol resistance (Cmr) (R. Starzyk and P.S., unpublished work). Plasmid pRMS615 is necessary to maintain the viability of cells with a deleted chromosomal metG gene. After plasmid pSKKMII was introduced into E. coli V355/ pRMS615, cells with a deleted chromosomal metG were selected by Kmr, Aps, and Cmr. To prevent further recombination between the maintenance plasmid pRMS615 and the chromosome, a recA mutation was introduced by P1 transduction (15) . The transductants were selected for tetracycline resistance, which was cotransduced with recA at a high frequency. The recA marker of the selected cells was tested by UV sensitivity. The Kmr, Aps, Cmr, and UV-sensitive cells were designated as MN9261/pRMS615. By using this strain grown at the permissive temperature (30°C), the chromosomal metG gene deletion and the lack of chromosomal methionyl-tRNA synthetase production were confirmed by Southern (16) and Western (see below) blot methods, respectively. The strain can grow at the permissive temperature but cannot grow at the nonpermissive temperature (42°C) unless the metG gene is supplied from another source. Strain MN9261/pRMS615 was used as a tester strain for in vivo complementation of methionyl-tRNA synthetase at the nonpermissive temperature.
Replacement of Antidocon-Binding Peptide with Generic Sequence. The phagemid pJB104 encodes a monomeric 547-residue polypeptide of the E. coli methionyl-tRNA synthetase (9) . The peptide region from A440 to E467 of the enzyme encoded by the gene in pJB104 was replaced with an artificial A (generic) peptide sequence having substitutions of alanines and serines at 18 of 30 positions (Fig. 2B ). For this replacement, K439A and G478A mutations were made by sitedirected mutagenesis to generate unique Nar I and BssHII restriction sites flanking this peptide region. The phagemid pSKNB containing those two restriction sites was digested with Nar I and BssHII and the large DNA fragment was separated from the small fragment (89-mer) encoding the peptide A440-E467 by gel electrophoresis. Oligonucleotides encoding the generic peptide were synthesized and ligated with the large Nar I-BssHII fragment of pSKNB. The ligation mixture was transformed into E. coli JM109 and the transformants were selected for ampicillin resistance. The phagemid containing the generic sequence, pSKGen, was isolated and the inserted DNA sequence was confirmed.
Generation of Combinatorial Sequence Library. Oligonucleotide synthesis was designed to generate DNA sequences which encode a combination of the wild-type and generic amino acids in the peptide A440-E467 of E. coli methionyltRNA synthetase. In these oligonucleotides, codons for the seven conserved residues and five wild-type alanines (except for A459) were held fixed ( Fig. 2) . Codons for variable residues in the generic peptide were adopted to minimize the number ofmismatches with those for the wild-type. When the codons for the wild-type and generic sequences are aligned, the wild-type and generic codons have one or two mismatches per amino acid. Accordingly, the wild-type or generic amino acid was encoded with a 50% probability at the codons of one mismatch and with a 25% probability at the codon locations oftwo mismatches (Fig. 2B) . In this manner, -3.4 x 107 possible peptide sequences were created.
Oligonucleotide synthesis was carried out so that an equal amount of each nucleotide was added wherever a mismatch occurred. This 84-nucleotide variable sequence was flanked on the 5' side by GGCGCC (Nar I site) and an additional 6 nucleotides, and on the 3' side by GCGCGC (BssHII site) and an additional 5 (9) and the proteins were resolved by 8% polyacrylamide gel containing SDS. E. coli methionyl-tRNA synthetase was detected by a rabbit antibody (27) with the ECL system (Amersham), and the band intensity was quantitated by scanning densitometry (LKB 2202 Ultroscan laser densitometer). The extracts were used to compare tRNA aminoacylation activity of the wild-type and the mutant methionyltRNA synthetases as described (9) in the presence of 0.2-6.4 ,uM tRNAMet.
RESULTS AND DISCUSSION
Construction of Combinatorial Sequence Library. We chose the surface peptide from K439 to G468 to investigate sequence alternatives which would support aminoacylation of tRNAMet by generating the required peptide conformation for same-substrate recognition (Fig. 1) . Based on the sequence alignment of E. coli, B. stearothermophilus, and T. thermophilus methionyl-tRNA synthetases and the S. cerevisiae mitochondrial methionyl-tRNA synthetase (17, 18) (Fig. 2A) , we selected 18 of 30 positions to make substitutions ofmostly alanines or serines (K439 and G468 and boxed positions in Fig. 2B ). Ofthe remaining 12 positions which were held fixed (underlined in Fig. 2B ), 7 (N452, R453, E457, P460, W461, K465, and E467) had amino acids conserved or semiconserved amongst the four sequences while 5 (A440, A446, A448, A451, and A464) already had alanine encoded by the E. coli sequence (A459 was not fixed because all three non-E. coli sequences have a hydrophilic side chain). The 30-amino acid "generic" peptide contained A439 and A467, the aforementioned 12 fixed amino acids, and alanine and serine residues substituted at the remaining 10 hydrophobic and 6 hydrophilic positions, respectively (Fig. 2B, shaded) . (Designation of hydrophobic and hydrophilic was based on inspection of the prevalent residue type at each position in the collection of four methionyl-tRNA synthetase sequences.) The protein containing the peptide with these 17 alanine and 6 serine residues was unstable in vivo (data not shown). A pool of oligonucleotide cassettes was then constructed by the mixed-synthesis method (see Fig. 2B for details). These cassettes encoded binary combinations of the generic and wild-type residues at each of the 16 varied positions. At 9 of these positions, one or two additional amino acids were also allowed for reasons of technical convenience during the synthesis (Fig. 2B) . This library of combinatorial sequence cassettes (with an estimated complexity of 1.9 x 107) was cloned into the Nar I and BssHII restriction sites ofphagemid pSKNB and the recombinant phagemids were introduced into E. coli JM109 and selected for ampicillin resistance. The phagemids from these transformants were isolated for DNA sequencing to confirm the presence of the combinatorial cassette of 30 codons with 14 fixed positions (the 12 wild-type residues underlined in Fig. 2 and A439 and A468) .
Active Sequence Variants. The pool of phagemids with combinatorial sequences of the 30-amino acid peptide motif was then subjected to a selection for those which encoded active methionyl-tRNA synthetase. For this purpose, the pSKNB DNA pool was transformed into E. coli tester strain MN9261/pRMS615. Strain MN9261 (Kmr, recAi) has an ablation of the methionyl-tRNA synthetase gene (metG). The maintenance plasmid pRMS615 encodes wild-type methionyl-tRNA synthetase and Cmr and harbors a temperaturesensitive replicon which prevents plasmid replication at 42C (13 (Fig. 3) . This observation suggests that none of the restored residues is immutable or essential for the enzyme activity. Instead, the patterns of substitutions in these variants appear to be required to support an active peptide conformation.
Four examples of active variants are AV1, AV3, AV15, and AV16 (Fig. 4) . Active variants AV1 and AV3 have 9 alanines and 3 serines, with wild-type residues at the other positions. Thus, these peptides have 3-4 alanine and 3 serine replacements of wild-type residues, and no other substitutions. An (Fig. 3) . The modest frequency (27%) of substitution of V463 and of a few other residues (V441, E443, A459, and Q466) suggests that the effect of substitution of residues at these positions is idiosyncratic to the finer details of sequence context. [In contrast, residues with a high (e.g., D449) or low (e.g., L447) frequency of substitution are probably less sensitive to subtle differences in sequence context.] We found that a single V463A substitution in AV16 creates a stable but inactive variant, IV16 (Fig. 4) . This result further emphasizes that the peptide conformation is sensitive to subtle combinatorial features in the sequence algorithm for active variants.
Aminoacylation Activities of Active Variants. The data summarized in Figs. 2 and 3 show that the constraints for an active peptide motif accommodate sequences with different combinations of non-alanine/serine amino acids in a predominantly alanine/serine sequence matrix. Whether these sequence alternatives with as many as 17 alanine and serine residues are thermodynamically competitive with the wildtype sequence was estimated by in vitro kinetic measurements. The parameter kcat/Km for aminoacylation is a measure of the operational Gibbs free energy of activation [AG* = -RT ln(kct/Km)] for passage through the transition state of the rate determining tRNA-dependent step of aminoacylation (21) (22) (23) (8, 9) . The AAG0t values for active variants AV1, AV3, AV15, and AV16 with simplified sequences are within 0.5 kcal/mol of the value for the wild-type enzyme, in spite of the multiple alanine/serine replacements (Table 1) . Thus, the activities of these variants are thermodynamically competitive with that of the wild-type enzyme, and this in turn suggests that the peptide epitope has the same conformation in these variants. The activities of the active variants with multiple substitutions are surprisingly high. These high activities may be a consequence of doing the genetic selection in a null strain, where the only source of methionyl-tRNA synthetase is encoded by a plasmid-borne enzyme variant. Possibly, the selection of high activity is strongly correlated with high specificity for same substrate recognition. Thus, mutants with lower activities which have lost some substrate and charging specificity are likely to be lethal in the null strain.
Modeling of Active and Inactive Variants. Because the differences between AV16 and IV16 are relatively simple (a single amino acid replacement in surface loop), we thought that their respective loop conformations were worth computing by a localized energy minimization. The sequence of active variant AV16 was substituted into the three-dimensional structure of methionyl-tRNA synthetase (6) , and the region between residues 430 and 475 of the resulting model was subjected to energy minimization by the steepest descent method (24) with the AMBER force field (25) until Ian energy gradient of 0.1 kcal/(mol.A) was reached. The a-carbon coordinates of the resulting AV16 structure containing a total of 17 alanine/serine residues (Fig. 4) were essentially identical to the coordinates of the wild-type sequence, with a root-mean-square difference of <0.5 A. The side-chain orientations of conserved amino acids were also maintained with minor rearrangements (data not shown). This illustrates the compatibility of the AV16 mutations with the original wild-type conformation. The V463A mutation which inactivates AV16 to give IV16 was then introduced into the AV16 model, and this new structure was again subjected to energy minimization. The introduction of the V463A mutation resulted in a large distortion of the local environment of residue 463 and a change in backbone conformation ofthe 460-468 loop region. In this case, the a-carbon coordinates of residues 460-468 have a root-mean-square difference of 1.9 A with respect to the wild-type coordinates, with a maximum shift at the carbonyl oxygen of the side chain of Q466 of 7 A (data not shown). The side chain of the critical W461 underwent a 2.1-A translation at its indole Cc atom. These changes are probably due to the relaxation of intrachain packing/steric constraints caused by the replacement of the isopropyl group of V463 with the methyl group of alanine. They are readily visualized by energy minimization because of the inherent flexibility of this part of the structure of methionyl-tRNA synthetase (26) .
Conclusions. Although the data in Fig. 3 show that, within the library of active variants as a whole, no residue at one of the varied positions is essential for same substrate recognition, the AV16/IV16 comparison illustrates how a specific residue becomes essential within one particular sequence context. In general, the results reported here demonstrate the large number of diversified sequences for same-substrate recognition that can be generated, with each of them having its own particular set of "essential" and less-or non-essential residues. The results also illustrate how serious are the inherent limitations to using sequence criteria alone to predict the structural similarities (or dissimilarities) of domains or motifs in different proteins.
We recognize that, in these experiments, 12 of 30 positions were held fixed and retained the residues of the wild-type enzyme. In the alignment of the 22 diversified active sequences, these 12 positions would reveal the relatedness of the sequence. The extent to which these 12 positions can also be substituted is unknown. Owing to errors of misincorporations of nucleotides during the mutagenesis, two of the "'fixed" positions (K465 and E467) were found replaced in the library of active variants (Fig. 3) , so that these and most likely other "fixed" positions are in principle mutable. The variations possible at these locations require investigation.
We thank Dr. Dino Moras for helpful communication on this research, Drs. Deborah Hipps and Barry Handerson for technical advice, and Drs. Douglas Buechter, James Landro, and Susan Martinis for comments on the manuscript. This work was supported by Grant GM23562 from the National Institutes of Health.
